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Clinical PerspectiveWhat Is New?This study reveals the intracellular signaling network related to MURC (muscle‐restricted coiled‐coil protein)/Cavin‐4 (caveolae‐associated protein 4) in cardiac ischemia/reperfusion (I/R) injury.MURC/Cavin‐4 deletion has a cardioprotective effect against I/R injury through the inhibition of reactive oxygen species--induced cell death and the promotion of STAT3 (signal transducer and activator of transcription 3)--meditated antiapoptosis.The systems network genomic analysis, based on PC‐corr network inference integrated with a protein--protein interaction network prediction followed by experimental validation, uncovers a crucial role of MURC/Cavin‐4 in cardiac I/R injury.What Are the Clinical Implications?This study elucidates the novel and comprehensive pathophysiological function of MURC/Cavin‐4 in cardiac I/R injury.Functional inhibition of MURC/Cavin‐4 may be effective in reducing cardiac I/R injury.

Introduction {#jah34322-sec-0008}
============

Coronary heart disease, a leading cause of death worldwide, places tremendous burden on individuals and society given its high rates of mortality and morbidity.[1](#jah34322-bib-0001){ref-type="ref"} The severity of myocardial infarction depends in particular on delays in the initiation of treatment; therefore, early revascularization therapy is critical for survival and positive prognosis. Catheterization and thrombolytic therapy have improved the clinical scenario of myocardial infarction.[2](#jah34322-bib-0002){ref-type="ref"}, [3](#jah34322-bib-0003){ref-type="ref"} Although cardiac ischemia/reperfusion (I/R) is essential for cardiac‐cell survival, it also increases infarct size, deteriorates cardiac contraction, and induces heart failure.[4](#jah34322-bib-0004){ref-type="ref"}, [5](#jah34322-bib-0005){ref-type="ref"}, [6](#jah34322-bib-0006){ref-type="ref"} I/R injury produces oxidative damage, cell death, and aberrant immune response through the generation of mitochondrial reactive oxygen species (ROS).[7](#jah34322-bib-0007){ref-type="ref"}, [8](#jah34322-bib-0008){ref-type="ref"}, [9](#jah34322-bib-0009){ref-type="ref"} Neutrophil NADPH oxidase around the infarct area, xanthine oxidase, and uncoupled nitric oxide synthase also produce ROS.[10](#jah34322-bib-0010){ref-type="ref"} Several clinical trials have been launched to assess treatments that overcome I/R injury. However, few effective treatments exist to prevent myocardial I/R injury.[5](#jah34322-bib-0005){ref-type="ref"}

In myocardial infarction, cell death by apoptosis and necrosis occurs because of hypoxia and I/R injury after revascularization therapy. STAT3 (signal transducer and activator of transcription 3) plays a central role in the JAK (Janus kinase)/STAT signaling pathway to transmit the signal from the membrane to the nucleus.[11](#jah34322-bib-0011){ref-type="ref"} JAK and STAT3 are essential components of some cytokine receptors. STAT3 regulates apoptosis by promoting the transcription of antiapoptotic molecules such as BCL2 (B‐cell lymphoma 2),[12](#jah34322-bib-0012){ref-type="ref"}, [13](#jah34322-bib-0013){ref-type="ref"} which inhibits ROS‐induced apoptosis.[14](#jah34322-bib-0014){ref-type="ref"} In cardiovascular diseases, STAT3 functions as a transcription factor and is involved in myocardial infarction, oxidative damage, myocarditis, hypertrophy, and remodeling.[15](#jah34322-bib-0015){ref-type="ref"} STAT3 activated in ischemic preconditioning has a cardioprotective effect for ischemic heart disease.[16](#jah34322-bib-0016){ref-type="ref"} Activation of STAT3 protects against cardiac I/R injury by reducing infarct size in cardiac‐specific transgenic mice expressing constitutively active STAT3.[17](#jah34322-bib-0017){ref-type="ref"}

Caveolae are plasma membrane invaginations rich in cholesterol, glycosphingolipids, and lipid‐anchored proteins.[18](#jah34322-bib-0018){ref-type="ref"} Two distinct components, caveolins and cavins,[19](#jah34322-bib-0019){ref-type="ref"}, [20](#jah34322-bib-0020){ref-type="ref"} cooperate to form caveola structure and modulate its biogenesis and function.[21](#jah34322-bib-0021){ref-type="ref"}, [22](#jah34322-bib-0022){ref-type="ref"} Caveolin has 3 isoforms: Cav‐1 (caveolin‐1), Cav‐2, and Cav‐3.[23](#jah34322-bib-0023){ref-type="ref"}, [24](#jah34322-bib-0024){ref-type="ref"} Cavin has 4 isoforms: PTRF (polymerase 1 and transcript release factor)/Cavin‐1, SDPR (serum deprivation protein response)/Cavin‐2, SRBC (SDR‐related gene product that binds to C kinase)/Cavin‐3, and MURC (muscle‐restricted coiled‐coil protein)/Cavin‐4.[25](#jah34322-bib-0025){ref-type="ref"}, [26](#jah34322-bib-0026){ref-type="ref"}, [27](#jah34322-bib-0027){ref-type="ref"} MURC plays several roles in the pathophysiology of cardiovascular diseases[28](#jah34322-bib-0028){ref-type="ref"}, [29](#jah34322-bib-0029){ref-type="ref"}, [30](#jah34322-bib-0030){ref-type="ref"}, [31](#jah34322-bib-0031){ref-type="ref"}, [32](#jah34322-bib-0032){ref-type="ref"} and is involved in myofibrillar organization, cardiac dysfunction, conduction disturbance, and atrial arrhythmia through the Rho‐ROCK signaling pathway.[27](#jah34322-bib-0027){ref-type="ref"} Gene mutations are observed in patients with dilated cardiomyopathy.[32](#jah34322-bib-0032){ref-type="ref"} MURC deficiency attenuates α1‐adrenergic receptor‐induced ERK1/2 (extracellular signal‐regulated kinase 1/2) activation, inhibits cardiomyocyte hypertrophy, and promotes the decrease of hypertrophy‐related gene expression.[31](#jah34322-bib-0031){ref-type="ref"} Moreover, hypoxia induces the synthesis of the MURC protein in the week after myocardial infarction in rat heart,[33](#jah34322-bib-0033){ref-type="ref"} suggesting its important role in left ventricular (LV) remodeling after myocardial infarction. Nevertheless, its role in cardiac I/R injury remains unknown.

Omic science is developing rapidly to reveal the complex signaling network surrounding biosystems. An ever‐increasing amount of omic data precipitated the development of the network inference method.[34](#jah34322-bib-0034){ref-type="ref"} Principal component analysis (PCA) is widely used to explore differential patterns in omic data sets. *PC‐corr* is an algorithm for unsupervised and parameter‐free inference of a linear multivariate‐discriminative correlation network based on the PCA loadings.[35](#jah34322-bib-0035){ref-type="ref"} PC‐corr enables creation of a discriminative correlation network directly (between‐omics features), associated with the sample separation obtained by preliminary PCA analysis, and can be easily adapted for big data exploration in complex biosystems. In this study, separation is between wild‐type (WT) and MURC knockout mouse samples. The protein--protein interaction network (PPIN) is a systematic protein network compiled by protein--protein interaction for the understanding of biological processes and protein function in the cell. Network inference from genomic profiles can be followed by a PPIN prediction to understand cell‐signaling networks, and protein network--based prediction of novel candidate genes is used to suggest additional candidate genes.[36](#jah34322-bib-0036){ref-type="ref"}

In this study, we elucidate the MURC‐related intracellular signaling network in cardiac I/R injury using an integrated omic analysis. The systems network genomic analysis, based on PC‐corr network inference integrated with a PPIN prediction followed by experimental validation, uncovers a crucial role of MURC in cardiac I/R injury and reveals that MURC deletion has a cardioprotective effect against I/R injury.

Methods {#jah34322-sec-0009}
=======

The authors declare that all supporting data are available within the article and its online supplementary files.

Microarray Analysis {#jah34322-sec-0010}
-------------------

To examine the gene expression of mouse hearts perturbed by MURC deficiency, we collected LV tissue from 10‐ to 13‐week‐old WT and MURC knockout (MURC KO) male mouse hearts. After euthanizing the mice, the hearts were excised by cervical dislocation and stored at −80°C. Total RNA was extracted from the tissue using TRIzol reagent (Invitrogen/Thermo Fisher Scientific), according to the manufacturer\'s instructions. The GeneChip Gene 1.0 ST Array System for Mouse (Affymetrix/Thermo Fisher Scientific) was used for gene expression profiling. The microarray gene‐expression data set was normalized by log transformation (log\[1+*x*\], where *x* denotes the data matrix). The data discussed in this publication have been deposited in NCBI\'s Gene Expression Omnibus (GEO, <http://www.ncbi.nlm.nih.gov/geo/>) and are accessible through GEO Series accession number GSE125308.

PCA, PC‐Corr Network Construction, and Enrichment Analysis {#jah34322-sec-0011}
----------------------------------------------------------

To disclose the similarity in multidimensional microarray compositions between WT and MURC KO mouse hearts, we analyzed the full microarray data set by PCA and subsequently applied PC‐corr to elucidate the network of genes that predominantly contribute to the sample segregation obtained by PCA. The processing of the PCA result and the construction of the PC‐corr network were performed as described previously.[35](#jah34322-bib-0035){ref-type="ref"} MATLAB R2018a (MathWorks) was used for computational analyses. The PC‐corr network was constructed with a cutoff of 0.6 and visually depicted in Cytoscape 3.6.1.[37](#jah34322-bib-0037){ref-type="ref"} Enrichment analysis was conducted using DAVID 6.8 (Leidos Biomedical Research, <https://david.ncifcrf.gov/>)[38](#jah34322-bib-0038){ref-type="ref"}, [39](#jah34322-bib-0039){ref-type="ref"} for the extracted gene data set. Results of the enrichment analysis were obtained using the Benjamini multiple test correction.

PPIN and Enrichment Analysis {#jah34322-sec-0012}
----------------------------

PPIN was used to suggest additional candidate genes by means of first‐neighbor network interaction prediction. Ninety‐one genes extracted from PC‐corr at a cutoff of 0.6 were input into STRING 10.5 (<https://string-db.org/>),[40](#jah34322-bib-0040){ref-type="ref"} and then we described a PPIN. We selected their first neighbors (261 proteins) in the PPIN. DAVID 6.8 was used for the enrichment analysis of the 261 proteins. We reorganized the PPIN by inputting the 46 proteins present in the enriched pathways of our interest to STRING.

Mouse Model of Cardiac I/R Injury {#jah34322-sec-0013}
---------------------------------

A mouse model of cardiac I/R injury was created as described previously with slight modifications.[41](#jah34322-bib-0041){ref-type="ref"} The left anterior descending coronary arteries of 10‐week‐old C57BL/6 background male mice were ligated under 1.0% isoflurane anesthesia for 1 hour before reperfusion. Hearts were excised 30 minutes or 24 hours after reperfusion for analysis. Serum cardiac troponin I level was measured 24 hours after reperfusion by high‐sensitivity mouse cardiac troponin I ELISA (Life Diagnostics), according to the manufacturer\'s instruction. MURC KO mice were generated as described previously.[31](#jah34322-bib-0031){ref-type="ref"} Transgenic mice expressing MURC in the heart (Tg‐MURC) were generated as described previously.[27](#jah34322-bib-0027){ref-type="ref"} All animal use conformed with the *Guide for the Care and Use of Laboratory Animals* published by the US National Institutes of Health (NIH; Publication no. 85‐23, revised 1996) and was approved by the institutional animal care and use committee of the Kyoto Prefectural University of Medicine.

Echocardiography and Triphenyltetrazolium Chloride Staining {#jah34322-sec-0014}
-----------------------------------------------------------

Echocardiography was performed using a Vevo 2100 system (VisualSonics) equipped with a 30‐MHz microprobe under isoflurane anesthesia 24 hours after I/R. Triphenyltetrazolium chloride staining was performed as described previously with slight modifications.[42](#jah34322-bib-0042){ref-type="ref"} To determine the area at risk, 10% Evans blue dye (0.5 g/kg) was injected into the retro‐orbital venous sinus after ligation of left anterior descending coronary arteries. Hearts were excised and stored at −80°C. Cross‐sections of the hearts (1 mm) were immersed in 1.0% triphenyltetrazolium chloride in 0.9% saline at 24°C for 2 to 3 minutes. The vial was continuously agitated in a water bath at 37°C for 15 minutes, and then cross‐sections were fixed in 10% neutral buffered formalin for 60 minutes. Sections were digitally photographed using a Leica MC120 HD microscope camera (Leica Microsystems). Infarct size and area at risk were quantified with ImageJ 1.49 software (NIH).

Dihydroethidium Staining {#jah34322-sec-0015}
------------------------

Dihydroethidium staining was performed as described previously with slight modifications.[43](#jah34322-bib-0043){ref-type="ref"} Cross‐sections through the left ventricles (1 mm) of freshly isolated mouse hearts were prepared and then equilibrated in Krebs buffer for 30 minutes at 37°C. Sections were then stained with 30 μmol/L dihydroethidium in fresh Krebs buffer and incubated in the dark for 30 minutes with gentle rotation. Dihydroethidium‐stained LV sections were imaged using a Carl Zeiss LSM 510 confocal microscope with a ×10 dry objective at 488 nm excitation. ZEN software (Carl Zeiss) was used to collect sequential Z‐stacked confocal line scans of each section and to assemble 2.5‐dimensional histogram plots of mean dihydroethidium intensity. Fluorescence intensity analysis of dihydroethidium was measured with ImageJ software.

Cell Culture {#jah34322-sec-0016}
------------

Neonatal rat cardiomyocytes (NRCMs) were prepared as described previously with slight modifications.[27](#jah34322-bib-0027){ref-type="ref"} Cardiomyocytes isolated from 1‐ to 3‐day‐old Wistar rats were cultured in serum‐containing medium (DMEM, 10% fetal bovine serum) for a total of 72 hours. Adult mouse cardiomyocytes were prepared as described previously with slight modifications.[44](#jah34322-bib-0044){ref-type="ref"} Cardiomyocytes isolated from 10‐week‐old WT and MURC KO male mouse hearts were cultured in the culture medium and exposed to hydrogen peroxide after 24‐hour incubation.

Gene Silencing and Transfer {#jah34322-sec-0017}
---------------------------

Rat MURC and control small interfering RNA (siRNA) duplex oligonucleotides (Stealth RNAi siRNAs) were purchased from Invitrogen/Thermo Fisher Scientific. The siRNAs were transiently transfected into cardiomyocytes using Lipofectamine RNAiMAX reagent (Invitrogen/Thermo Fisher Scientific), according to the manufacturer\'s instructions. The medium was changed 24 hours after transfection. The siRNA sequences are provided in Table [S1](#jah34322-sup-0001){ref-type="supplementary-material"}. Recombinant adenoviruses expressing FLAG‐tagged human MURC/Cavin‐4 (Ad‐MURC) and β‐galactosidase were described previously.[27](#jah34322-bib-0027){ref-type="ref"} Twenty‐four hours after seeding on a plate, the cardiomyocytes were infected with Ad‐MURC and Ad‐β‐galactosidase diluted in culture media at a multiplicity of infection of 30 and incubated at 37°C for 1 hour. The viral suspension was removed, and the cardiomyocytes were cultured with fresh media.

Hypoxia/Reoxygenation of NRCMs and ROS Detection Assay {#jah34322-sec-0018}
------------------------------------------------------

We examined ROS activity of cardiomyocytes exposed to hypoxia/reoxygenation. The ROS activity was evaluated using a CellROX detection kit (Invitrogen/Thermo Fisher Scientific) after serum deprivation for 12 hours under hypoxic conditions (1% O~2~ and 5% CO~2~, 37°C) followed by 3 hours of reoxygenation (21% O~2~ and 5% CO~2~, 37°C). The CellROX staining was performed according to the manufacturer\'s instructions; the CellROX reagent was added directly to the hypoxia/reoxygenation--challenged cardiomyocytes, and the mixture was incubated for 1 hour. The ROS intensity was measured using ImageJ software.

TUNEL Assay and Stimulation of Hydrogen Peroxide {#jah34322-sec-0019}
------------------------------------------------

Cultured NRCMs were exposed to 200 μmol/L hydrogen peroxide (H~2~O~2~) for 2 hours. A TUNEL (TdT‐mediated dUTP nick‐end labeling) assay was performed to detect apoptosis 6 hours after H~2~O~2~ exposure using the In Situ Cell Death Detection Kit, TMR red (Roche), according to the manufacturer\'s instructions. Cell death number was assessed by the percentage of TUNEL‐ and DAPI (40,6‐diamidino‐2--7 phenylindole)‐positive cells.

STAT3 Cancellation Experiment {#jah34322-sec-0020}
-----------------------------

STAT3 inhibitor WP1066 (20 mg/kg; Santa Cruz Biotechnology) or an equal‐volume vehicle (5% dimethyl sulfoxide) was administered intraperitoneally to mice daily for 3 days. The WP1066 dose was determined based on published toxicity and efficacy data in mice.[13](#jah34322-bib-0013){ref-type="ref"}, [45](#jah34322-bib-0045){ref-type="ref"} WP1066 (1 μmol/L) or an equal‐volume vehicle 5% dimethyl sulfoxide was administered to NRCMs 1 hour before H~2~O~2~ exposure.

Western Blot Analysis {#jah34322-sec-0021}
---------------------

Cell lysates and tissue samples were extracted using a lysis buffer (50 mmol/L Tris‐HCl \[pH 7.5\], 150 mmol/L NaCl, 50 mmol/L EDTA, 1% Triton X‐100, and protease--phosphatase inhibitor mixture). Protein samples were subjected to SDS‐PAGE and then transferred to membranes that were subsequently incubated with primary antibodies against STAT3, phosphorylated STAT3, ERK1/2, phosphorylated ERK1/2, Akt, phosphorylated Akt, cleaved caspase 3, DDIT4, GAPDH, β‐actin, FLAG M2, EGR1, caveolin‐1, caveolin‐3, PTRF, SDPR, SRBC, BCL2, and MURC. Anti‐MURC antibody was originally produced as described previously.[30](#jah34322-bib-0030){ref-type="ref"} Horseradish peroxidase--conjugated antirabbit and antimouse IgGs were used as secondary antibodies.

Immunoprecipitation {#jah34322-sec-0022}
-------------------

NRCMs transfected with Ad‐MURC were washed with ice‐cold PBS and lysed with lysis buffer containing 50 mmol/L Tris‐HCl (pH 7.5), 150 mmol/L NaCl, 50 mmol/L EDTA, 1% Triton X‐100, and protease--phosphatase inhibitor mixture. Immunoprecipitation was carried out by incubating equal amounts of cell lysates with magnetic beads (Magnosphere MS300/Carboxyl; Cosmo Bio) coated with each antibody at 4°C overnight. Beads were washed with wash buffer (50 mmol/L Tris‐HCl \[pH 7.5\], 150 mmol/L NaCl, 50 mmol/L EDTA, 1% Triton X‐100, and protease--phosphatase inhibitor mixture) 5 times, and the precipitated proteins were separated by SDS‐PAGE, transferred to polyvinylidene difluoride membranes, and probed with each antibody.

Reverse Transcription--Mediated Quantitative Polymerase Chain Reaction {#jah34322-sec-0023}
----------------------------------------------------------------------

Reverse transcription--mediated quantitative polymerase chain reaction was conducted as described previously.[27](#jah34322-bib-0027){ref-type="ref"}, [29](#jah34322-bib-0029){ref-type="ref"}, [31](#jah34322-bib-0031){ref-type="ref"} Total RNA was extracted from cultured cells or tissues using TRIzol (Invitrogen/Thermo Fisher Scientific) and converted to cDNA using a High‐Capacity cDNA Reverse Transcription Kit (Applied Biosystems/Thermo Fisher Scientific). Synthesized cDNA was analyzed by kinetic real‐time polymerase chain reaction using Takara PCR Thermal Cycler Dice (Takara Bio) with Platinum SYBR Green qPCR Supermix (Invitrogen/Thermo Fisher Scientific). The primer sequences are provided in Table [S2](#jah34322-sup-0001){ref-type="supplementary-material"}.

Statistical Analysis {#jah34322-sec-0024}
--------------------

Statistical analysis was done in R 3.3.2 (R Foundation for Statistical Computing).[46](#jah34322-bib-0046){ref-type="ref"} The Shapiro--Wilk test was used for normality testing. All 2‐group analysis used a 2‐tailed Student *t* test. Comparisons of multiple groups with normal distribution were done with 1‐way ANOVA followed by the Tukey post hoc test. The Kruskal--Wallis test was used as a nonparametric test, followed by the Dunn post hoc test. All data are displayed as mean±SEM. All in vitro experiments were performed at least 3 times. MATLAB R2018a was used for the computational analyses employing PC‐corr. The PC‐corr network was constructed with a cutoff of 0.6 (maximum is 1) because this value ensures that the connectivity links of the network have medium to high levels of correlation and discrimination simultaneously. Results of the enrichment analysis were obtained using Benjamini multiple test correction with the significance threshold of 0.05.

Results {#jah34322-sec-0025}
=======

Systems Network Genomic Analysis Based on PC‐Corr Network Inference Reveals MURC Deficiency Is Involved in Response to ROS and Regulation of the Force of Heart Contraction {#jah34322-sec-0026}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We performed microarray analysis for WT and MURC KO mouse hearts to examine the gene expression of mouse hearts perturbed by MURC deficiency. Heat mapping showed clear differentiation of gene expression between WT and MURC KO mouse hearts (Figure [S1](#jah34322-sup-0001){ref-type="supplementary-material"}). PCA also showed clear segregation of gene expression between WT and MURC KO mouse hearts (Figure [1](#jah34322-fig-0001){ref-type="fig"}A).

![Microarray analysis of wild‐type (WT) and MURC KO (muscle‐restricted coiled‐coil protein knockout) mouse hearts shows MURC deficiency is involved in response to hypoxia and reactive oxygen species (ROS). **A**, Principal component analysis. Red nodes indicate MURC KO, black nodes indicate WT. PC1, first principal component; PC2, second principal component. **B**, Enrichment analysis conducted by DAVID. Top 10 GO pathways are ranked by Benjamini‐corrected *P* value and scaled according to the function −log10 (*P* value). The vertical dashed line indicates the threshold at 0.05. **C**,PC‐corr network was constructed according to the loading of PC2 at a cutoff of 0.6. Magenta nodes indicate genes with higher expression in MURC KO; green nodes indicate genes with higher expression in WT mouse hearts. Node size is proportional to node degree. The color of interaction denotes the direction of the Pearson correlation between the features: red for positive Pearson correlation and blue for negative case. Nodes circled with a dotted line highlight specific pathways as follows: black, response to hypoxia; yellow, response to ROS; red, skeletal muscle cell differentiation; blue, regulation of the force of heart contraction. The network was depicted by Cytoscape. n=3 per group.](JAH3-8-e012047-g001){#jah34322-fig-0001}

PC‐corr was used to enlighten the discriminative correlation network according to the weights of the links at a cutoff of 0.6 (Table [S3](#jah34322-sup-0001){ref-type="supplementary-material"}), as both groups were clearly separated along the second principal component PC2. The genes obtained in the PC‐corr network were input to DAVID for enrichment analysis (Figure [1](#jah34322-fig-0001){ref-type="fig"}B; Table [S4](#jah34322-sup-0001){ref-type="supplementary-material"}). The genes involved in response to hypoxia, response to ROS, skeletal muscle cell differentiation, and regulation of the force of heart contraction and belonging to the top 10 pairs of enriched pathways were highlighted with the respective color circle in the PC‐corr network. This reorganized network enabled us to determine that expression levels for the following specific pathway‐related genes were markedly perturbed by MURC deficiency (Figure [1](#jah34322-fig-0001){ref-type="fig"}C): DDIT4, EGR1, and ACOT2 (acyl‐CoA thioesterase 2) in response to hypoxia; DDIT4, EGR1, FOS (Fos proto‐oncogene, AP‐1 transcription factor subunit), and MPV17 (mitochondrial inner membrane protein MPV17) in response to ROS; EGR1, FOS and NR4A1 (nuclear receptor subfamily 4 group A member 1) in skeletal muscle cell differentiation; and GLRX3 (glutaredoxin 3) and MYL4 (myosin light chain 4) in regulation of the force of heart contraction.

MURC Deficiency Preserves Heart Contraction With Infarct Size Reduction After I/R {#jah34322-sec-0027}
---------------------------------------------------------------------------------

Because I/R injury induces cardiac damage along with ROS production,[7](#jah34322-bib-0007){ref-type="ref"}, [8](#jah34322-bib-0008){ref-type="ref"}, [9](#jah34322-bib-0009){ref-type="ref"} we created a mouse model of I/R injury to demonstrate the relationship between ROS and MURC in the heart. By echocardiography, we evaluated cardiac function on WT and MURC KO mouse hearts after sham operation or 24 hours after I/R (Figure [2](#jah34322-fig-0002){ref-type="fig"}A and [2](#jah34322-fig-0002){ref-type="fig"}B). Fractional shortening and ejection fraction are representative indicators of LV systolic function. Although there was no difference in fractional shortening and ejection fraction between the WT and MURC KO groups of both sham‐operated control groups, fractional shortening and ejection fraction were markedly preserved in MURC KO compared with WT mouse hearts after I/R. Mouse heart rate was equivalent between groups during echocardiography (Figure [S2](#jah34322-sup-0001){ref-type="supplementary-material"}). We then evaluated the infarct size by triphenyltetrazolium chloride and Evans blue dual staining (Figure [2](#jah34322-fig-0002){ref-type="fig"}C). The area at risk assessed as the proportion of left ventricle was equal between the 2 groups (ie, the procedure was performed equally). The infarct size assessed as the proportion of the area at risk was significantly lower in MURC KO compared with WT mouse hearts after I/R (Figure [2](#jah34322-fig-0002){ref-type="fig"}D). Cardiac troponin I level was significantly lower in MURC KO than WT mouse serum (Figure [2](#jah34322-fig-0002){ref-type="fig"}E). Similarly, we performed echocardiography and measurement of infarct size on the hearts of adult transgenic mice expressing cardiac‐specific MURC (Tg‐MURC) 24 hours after I/R; however, we found no difference in fractional shortening, ejection fraction, and infarct size between WT and Tg‐MURC mouse hearts (Figure [S3](#jah34322-sup-0001){ref-type="supplementary-material"}A and [S3](#jah34322-sup-0001){ref-type="supplementary-material"}B).

![MURC (muscle‐restricted coiled‐coil protein) deficiency preserves left ventricular systolic function and infarct size in the heart after ischemia/reperfusion (I/R). Representative echocardiography (**A**) and quantification (**B**) of wild‐type (WT) and MURC knockout (MURC KO) mouse hearts after sham operation or 24 hours after I/R; n=10 per group. Representative triphenyltetrazolium chloride and Evans blue staining (**C**) and quantification (**D**) of WT and MURC KO mouse hearts 24 hours after I/R. In panel C, blue, white, and red regions represent the nonischemic area, the infarct area, and the noninfarct area at risk, respectively. In panel D, the area at risk (AAR) was assessed as a proportion of the left ventricle (LV; left), and the infarct size (IS) was assessed as a proportion of the AAR (right); n=10 per group. **E**, Cardiac troponin I level of WT and MURC KO mouse serum 24 hours after I/R; n=8 per group. Data are presented as mean±SEM. \*\**P*\<0.01. Dd indicates left ventricular internal dimension in diastole; Ds, left ventricular internal dimension in systole; NS, not significant.](JAH3-8-e012047-g002){#jah34322-fig-0002}

MURC Deficiency Ameliorates ROS Production in the Heart After I/R With Reduced EGR1 and DDIT4 mRNA Expression {#jah34322-sec-0028}
-------------------------------------------------------------------------------------------------------------

We evaluated cardiac ROS production in WT and MURC KO mouse hearts 30 minutes after I/R by dihydroethidium of LV tissue from mouse hearts with confocal micrographs (Figure [3](#jah34322-fig-0003){ref-type="fig"}A). ROS production increased after I/R but was significantly lower in MURC KO compared with WT mouse hearts (Figure [3](#jah34322-fig-0003){ref-type="fig"}B). We also evaluated ROS production in NRCMs exposed to hypoxia/reoxygenation. ROS production was measured by CellROX staining in NRCMs transfected with control siRNA, MURC siRNA 1 or 2. MURC siRNAs had an induction of MURC knockdown in NRCMs (Figure [S4](#jah34322-sup-0001){ref-type="supplementary-material"}A and [S4](#jah34322-sup-0001){ref-type="supplementary-material"}B). ROS production increased after hypoxia/reoxygenation exposure but was significantly lower in NRCMs transfected with MURC siRNAs compared with control siRNA (Figure [S5](#jah34322-sup-0001){ref-type="supplementary-material"}A and [S5](#jah34322-sup-0001){ref-type="supplementary-material"}B).

![MURC (muscle‐restricted coiled‐coil protein) deficiency ameliorates reactive oxygen species (ROS) production in the heart after ischemia/reperfusion (I/R). **A** and **B**, Cardiac ROS production as measured by dihydroethidium staining of left ventricle tissue from mouse hearts with confocal micrographs and Z‐stack--generated 2.5‐dimensional reconstructions. Representative dihydroethidium staining (**A**) and quantification (**B**) of wild‐type (WT) and MURC knockout (MURC KO) mouse hearts after sham operation or 30 minutes after I/R. Scale bar=100 μm. **C** through **F**, Measurement of mRNA expressions (**C** and **E**) and the protein levels (**D** and **F**) of EGR1 (early growth response protein 1) and DDIT4 (DNA‐damage‐inducible transcript 4) in WT and MURC KO mouse hearts after sham operation or 24 hours after I/R; n=5 per group. \**P*\<0.05, \*\**P*\<0.01. Data are presented as mean±SEM.](JAH3-8-e012047-g003){#jah34322-fig-0003}

Because ROS‐related gene expression was perturbed in microarray analysis of mouse hearts (Figure [1](#jah34322-fig-0001){ref-type="fig"}C), we examined mRNA expression and protein level of EGR1 and DDIT4. EGR1 mRNA expression and protein level were elevated 24 hours after I/R but significantly lower in MURC KO compared with WT mouse hearts (Figure [3](#jah34322-fig-0003){ref-type="fig"}C and [3](#jah34322-fig-0003){ref-type="fig"}D). DDIT4 mRNA expression was also significantly lower in MURC KO compared with WT mouse hearts 24 hours after I/R, whereas protein level was not significantly different (Figure [3](#jah34322-fig-0003){ref-type="fig"}E and [3](#jah34322-fig-0003){ref-type="fig"}F). Although Nox (NADPH oxidase) family genes are involved in the pathophysiology of cardiac I/R injury,[47](#jah34322-bib-0047){ref-type="ref"}, [48](#jah34322-bib-0048){ref-type="ref"} Nox4 mRNA expression was reduced only in MURC KO compared with WT mouse hearts 24 hours after I/R (Figure [S6](#jah34322-sup-0001){ref-type="supplementary-material"}).

Protein Network--Based Prediction of Novel Candidate Genes Reveals a Pivotal Role of Antiapoptotic Signaling With STAT3 Activation and Increased BCL2 Expression in MURC KO Mouse Hearts {#jah34322-sec-0029}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Protein network--based prediction of novel candidate genes was conducted to explore additional pathways involved in MURC deficiency. PPIN was used to suggest additional candidate genes by means of first‐neighbor network interaction prediction, as previously described.[36](#jah34322-bib-0036){ref-type="ref"} Ninety‐one genes extracted from PC‐corr at a cutoff of 0.6 were input into the STRING database to obtain their first neighbors (261 proteins) selected in the PPIN; we applied a biclustering algorithm to the matrix of 46 proteins present in the significant pathways of interest (Figure [4](#jah34322-fig-0004){ref-type="fig"}A). Then we reorganized the PPIN by inputting the 46 proteins into STRING. The pathways of regulation of apoptosis, response to ROS, response to hypoxia, and regulation of the force of heart contraction were interacted through several proteins in the MURC‐deficient heart (Figure [4](#jah34322-fig-0004){ref-type="fig"}B). DAVID was used for enrichment analysis (Figure [4](#jah34322-fig-0004){ref-type="fig"}C; Table [S5](#jah34322-sup-0001){ref-type="supplementary-material"}).

![MURC (muscle‐restricted coiled‐coil protein) deficiency promotes antiapoptotic signaling with STAT3 (signal transducer and activator of transcription 3) activation in the heart after ischemia/reperfusion (I/R). **A** and **B**, Protein‐network--based prediction of novel candidate genes. The protein--protein interaction network (PPIN) was used to suggest additional candidate genes by means of first‐neighbor network interaction prediction. Gene data set extracted from PC‐corr at a cutoff of 0.6 was input into STRING. **A**, Biclustering of the matrix of all proteins obtained by PPIN present in the significant pathways of interest. The matrix consists of 46 proteins (rows) and 4 enriched pathways (columns). The black lines indicate the modules corresponding to the clusters of interacting proteins in the respective pathways. **B**,PPIN reorganized by STRING. Full and dashed lines delimit the diverse overlapped protein pathway modules. **C**, Enrichment analysis conducted by DAVID for PPIN. Pathways of interest are ranked by Benjamini‐corrected *P* value and scaled according to the function −log10 (*P* value). The vertical dashed line indicates the threshold at 0.05. Measurement of BCL2 (B‐cell lymphoma 2) expression in wild‐type (WT) and MURC knockout (MURC KO) mouse hearts after sham operation or 24 hours after I/R: mRNA expression (**D**) and representative Western blots (left) and quantification (right) of BCL2 (**E**). Representative Western blots (left) and quantification (right) of STAT3 phosphorylation (**F**) and cleaved caspase 3 (**G**) in WT and MURC KO mouse hearts after sham operation or 24 hours after I/R; n=5 per group. Data are presented as mean±SEM. \**P*\<0.05, \*\**P*\<0.01. Phospho indicates phosphorylated.](JAH3-8-e012047-g004){#jah34322-fig-0004}

The PPIN reorganized by STRING implied the involvement of MURC in the apoptotic pathway, which includes BCL2, ROS‐responsive molecule EGR1, and ROS‐related molecule DDIT4. BCL2 and DDIT4 are involved in STAT3‐mediated antiapoptosis. In I/R‐injured hearts, mRNA expression and protein level of BCL2, which is a key molecule of STAT3‐mediated antiapoptotic signaling, were significantly higher in MURC KO compared with WT mice (Figure [4](#jah34322-fig-0004){ref-type="fig"}D and [4](#jah34322-fig-0004){ref-type="fig"}E). STAT3 plays an important role in antiapoptotic signaling through inhibiting DDIT4 transcription.[49](#jah34322-bib-0049){ref-type="ref"} DDIT4 mRNA expression was suppressed in I/R‐injured hearts of MURC KO mice (Figure [3](#jah34322-fig-0003){ref-type="fig"}E). Consequently, we evaluated STAT3 activation in the hearts after I/R. The phosphorylation of STAT3 was significantly higher in MURC KO compared with WT mouse hearts 24 hours after I/R (Figure [4](#jah34322-fig-0004){ref-type="fig"}F). The protein level of cleaved caspase 3 was significantly elevated 24 hours after I/R but significantly lower in MURC KO compared with WT mouse hearts (Figure [4](#jah34322-fig-0004){ref-type="fig"}G). Activation of other apoptosis‐related proteins such as ERK, p38, and Akt were not different between WT and MURC KO mouse hearts 24 hours after I/R (Figure [S7](#jah34322-sup-0001){ref-type="supplementary-material"}).

MURC Modulates Apoptosis in Cardiomyocytes and Cardiac Function in Mouse Hearts Through STAT3 Activation {#jah34322-sec-0030}
--------------------------------------------------------------------------------------------------------

To determine whether MURC modulates the apoptosis of cardiomyocytes, including STAT3‐related antiapoptosis, we first performed TUNEL staining for NRCMs exposed to H~2~O~2~. Apoptosis induced by H~2~O~2~ was significantly inhibited in cardiomyocytes transfected with MURC siRNAs compared with control siRNA (Figure [5](#jah34322-fig-0005){ref-type="fig"}A and [5](#jah34322-fig-0005){ref-type="fig"}B). Similarly, H~2~O~2~‐induced apoptosis was significantly inhibited in adult mouse cardiomyocytes of MURC KO mice compared with those of WT mice (Figure [S8](#jah34322-sup-0001){ref-type="supplementary-material"}). In contrast, TUNEL staining for NRCMs infected with Ad‐β‐galactosidase or Ad‐MURC showed that MURC overexpression significantly accelerated H~2~O~2~‐induced cardiomyocyte apoptosis (Figure [5](#jah34322-fig-0005){ref-type="fig"}C and [5](#jah34322-fig-0005){ref-type="fig"}D). Next we evaluated the relationship between MURC and STAT3 in cardiac I/R injury and apoptotic signaling, after confirming WP1066, a STAT3 inhibitor, inhibited the phosphorylation of STAT3 in mouse hearts (Figure [S9](#jah34322-sup-0001){ref-type="supplementary-material"}). WP1066 treatment abolished the effect of the preservation of LV systolic function and the reduction of infarct size in MURC KO mouse hearts 24 hours after I/R (Figure [6](#jah34322-fig-0006){ref-type="fig"}A and [6](#jah34322-fig-0006){ref-type="fig"}B). TUNEL staining for H~2~O~2~‐exposed NRCMs also showed that WP1066 treatment abolished the MURC knockdown--induced antiapoptotic effect (Figure [6](#jah34322-fig-0006){ref-type="fig"}C). Consequently, STAT3 inhibition canceled the cardioprotective effect of MURC deficiency in mouse hearts after I/R. To investigate the direct association between MURC and STAT3, we performed immunoprecipitation of MURC and STAT3 in NRCMs transduced with β‐galactosidase or FLAG‐tagged human MURC. Unexpectedly, immunoprecipitation showed no direct protein interaction between MURC and STAT3 (Figure [S10](#jah34322-sup-0001){ref-type="supplementary-material"}A and [S10](#jah34322-sup-0001){ref-type="supplementary-material"}B).

![MURC (muscle‐restricted coiled‐coil protein) modulates apoptosis in neonatal rat cardiomyocytes (NRCMs). Representative TUNEL (TdT‐mediated dUTP nick‐end labeling) staining (**A**) and quantification (**B**) of NRCMs transfected with control small interfering RNA (siRNA), MURC siRNA 1, or MURC siRNA 2 before H~2~O~2~ exposure. ^\#\#^ *P*\<0.01 vs corresponding H~2~O~2~(−) group; \*\**P*\<0.01 vs control siRNA in H~2~O~2~(+) group. Representative TUNEL staining (**C**) and quantification (**D**) of NRCMs transduced with adenovirus‐mediated β‐galactosidase (Ad‐LacZ) or MURC (Ad‐MURC) before H~2~O~2~ exposure. \**P*\<0.05, \*\**P*\<0.01. Cell death number was assessed by the percentage of TUNEL‐ and DAPI (4′,6‐diamidino‐2‐phenylindole)--positive cells; n=3 per group. Data are presented as mean±SEM. Scale bar=50 μm.](JAH3-8-e012047-g005){#jah34322-fig-0005}

![STAT3 (signal transducer and activator of transcription 3) inhibitor cancels the cardioprotective effect of MURC (muscle‐restricted coiled‐coil protein) deficiency. **A**, Left ventricle (LV) systolic function as measured by echocardiography of wild‐type (WT) and MURC knockout (MURC KO) mouse hearts 24 hours after I/R. Vehicle (5% dimethyl sulfoxide) or WP1066 was injected in mice intraperitoneally for 3 consecutive days; n=3 per group. **B**, Infarct size as measured by triphenyltetrazolium chloride and Evans blue staining of LV tissue from mouse hearts 24 hours after ischemia/reperfusion. The area at risk (AAR) was assessed as a proportion of LV (left), and the infarct size (IS) was assessed as a proportion of the AAR (right); n=3 per group. **C**, Evaluation of TUNEL (TdT‐mediated dUTP nick‐end labeling) staining for NRCMs transfected with control small interfering RNA (siRNA),MURC siRNA 1, or MURC siRNA 2 after H~2~O~2~ exposure. Vehicle or WP1066 (a STAT3 inhibitor) was administered to cardiomyocytes; n=3 per group. \**P*\<0.05, \*\**P*\<0.01. NS indicates not significant.](JAH3-8-e012047-g006){#jah34322-fig-0006}

Discussion {#jah34322-sec-0031}
==========

Systems network genomic analysis is a useful tool for predicting complex intracellular‐signaling networks. In this study, we applied the systems network genomic analysis based on PC‐corr network inference integrated with a PPIN prediction to assess the functional role of MURC in cardiac I/R injury. MURC is the muscle‐restricted caveolar component expressed exclusively in myocytes.[27](#jah34322-bib-0027){ref-type="ref"} It has been reported that MURC is involved in dilated cardiomyopathy,[32](#jah34322-bib-0032){ref-type="ref"} cardiac hypertrophy,[31](#jah34322-bib-0031){ref-type="ref"} hypoxia,[33](#jah34322-bib-0033){ref-type="ref"} and skeletal muscle cell differentiation.[50](#jah34322-bib-0050){ref-type="ref"} Caveolae are considered platforms for some receptors and signal components. Caveolins and cavins cooperatively form the caveola structure and modulate its biogenesis and function.[21](#jah34322-bib-0021){ref-type="ref"}, [22](#jah34322-bib-0022){ref-type="ref"} However, because caveolins and cavins including MURC are trafficking or adaptor proteins,[28](#jah34322-bib-0028){ref-type="ref"} not enzymes, it is difficult to assess the function of these caveolae‐related proteins by conventional kinase assays. The systems network genomic analysis of MURC KO mouse hearts predicted a comprehensive role for MURC in cardiac I/R injury.

MURC deletion reduced infarct size after cardiac I/R and preserved cardiac contraction with a decrease in ROS production and expression of EGR1 and DDIT4. PC‐corr network inference on microarray data sets from WT and MURC KO mouse hearts predicted that MURC‐related pathways included response to hypoxia and ROS, skeletal muscle cell differentiation, and regulation of the force of heart contraction. We confirmed the prediction with experimental validation using a mouse model of cardiac I/R injury. EGR1 acts as a ROS‐sensitive transcription factor and promotes apoptosis and inflammation.[51](#jah34322-bib-0051){ref-type="ref"}, [52](#jah34322-bib-0052){ref-type="ref"}, [53](#jah34322-bib-0053){ref-type="ref"} DDIT4 also promotes apoptosis and inflammation in a STAT3‐dependent manner in response to various cellular stresses including ROS.[49](#jah34322-bib-0049){ref-type="ref"}, [54](#jah34322-bib-0054){ref-type="ref"}, [55](#jah34322-bib-0055){ref-type="ref"} Although the findings from MURC KO mouse hearts suggested that MURC overexpression aggravated cardiac I/R injury, cardiac‐specific Tg‐MURC mice did not exhibit aggravated contraction and infarct size in I/R hearts. We reported that the hearts of Tg‐MURC mice show cardiac hypertrophy at a young age and subsequently show cardiac enlargement and dysfunction.[27](#jah34322-bib-0027){ref-type="ref"} The phenotype possessed by Tg‐MURC mice may have shown a counteracting effect in cardiac I/R injury. PC‐corr network inference contributed greatly in elucidating the comprehensive role of MURC in cardiac I/R injury. However, the results of EGR1 and DDIT4 expression in PC‐corr network inference and the validation study were inconsistent. PC‐corr network inference predicted that EGR1 would be poorly expressed and DDIT4 highly expressed in MURC KO mouse hearts; however, the expression of EGR1 or DDIT4 was not different between the sham‐operated hearts of WT and MURC KO mice and decreased in I/R‐injured hearts of MURC KO mice compared with those of WT mice. These discrepancies may be caused by the small sample size, which should be regarded as a limitation of this study.

PC‐corr network inference integrated with a PPIN prediction also indicated the involvement of antiapoptotic signaling in cardioprotection by MURC deletion. The protein network--based prediction of novel candidate genes indicated that several pathways such as regulation of apoptosis, response to ROS, and response to hypoxia included not only EGR1 and DDIT4 but also BCL2. ROS modulates several apoptosis‐related signaling pathways, thereby controlling cell death in cardiac I/R injury.[8](#jah34322-bib-0008){ref-type="ref"} In the validation study, BCL2 was significantly increased in the hearts of MURC KO mice compared with those of WT mice after I/R injury. BCL2 is a key regulator of antiapoptotic signaling and inhibits several apoptoses including ROS‐induced apoptosis.[14](#jah34322-bib-0014){ref-type="ref"} EGR1 and DDIT4 are also involved in ROS‐related apoptosis.

MURC deletion promoted the activation of STAT3, which regulates apoptosis by facilitating BCL2 transcription,[12](#jah34322-bib-0012){ref-type="ref"}, [13](#jah34322-bib-0013){ref-type="ref"} and preserved cardiac function in cardiac I/R injury. MURC knockdown in cardiomyocytes promoted the antiapoptotic pathway via STAT3 activation. STAT3 is a pivotal regulator in various cardiovascular diseases; it acts as a transcription factor and is involved in myocardial infarction, oxidative damage, myocarditis, hypertrophy, and remodeling.[15](#jah34322-bib-0015){ref-type="ref"} STAT3 activation in ischemic preconditioning has a cardioprotective effect for ischemic heart disease.[16](#jah34322-bib-0016){ref-type="ref"} Constitutive activation of STAT3 also protects cardiac I/R injury.[17](#jah34322-bib-0017){ref-type="ref"} Although PC‐corr network inference integrated with a PPIN prediction did not directly suggest the involvement of STAT3, STAT3 is a key molecule of BCL2‐mediated antiapoptosis; therefore, we examined the STAT3‐mediated antiapoptotic signal pathway. The phosphorylation of STAT3 was significantly higher in MURC KO compared with WT mouse hearts after I/R. A STAT3 inhibitor canceled a cardioprotective effect due to MURC deletion.

Immunoprecipitation analysis showed no direct association between MURC and STAT3 in cardiomyocytes. Our results suggests that MURC modulates apoptosis in cardiomyocytes and cardiac function in mouse hearts through STAT3 activation with indirect protein interaction. A recent study demonstrated that the phosphorylation of STAT3 is regulated by the interaction of Cavin‐1 with SOCS3 (suppressor of cytokine signaling 3) in a shared signal‐transducing receptor for a family of cytokines, gp130‐mediated cytokine signaling.[56](#jah34322-bib-0056){ref-type="ref"} Cavin‐1 localizes SOCS3 in the caveolae at the plasma membrane and suppresses gp130/JAK/STAT3 signaling. MURC forms large complexes with other cavins and caveolins in caveolae and has a direct association with Cavin‐1.[21](#jah34322-bib-0021){ref-type="ref"} The mechanism by which MURC regulates STAT3 activation remains ambiguous in our study; it is unclear whether MURC inhibits JAK/STAT3 signaling in coordination with Cavin‐1 or whether MURC has the same function as Cavin‐1 in cardiomyocytes. MURC deletion may facilitate the phosphorylation of JAK in caveolae at the plasma membrane and subsequently induce the STAT3 transition from the cell membrane to the nucleus in coordination with activated JAK.

Protein network--based prediction of novel candidate genes indicates that MURC is highly relevant to ERK in mouse hearts; however, there was no difference in ERK phosphorylation between WT and MURC KO mouse hearts during I/R injury. MURC facilitates recruitment of ERK to caveolae and concentric cardiac hypertrophy.[31](#jah34322-bib-0031){ref-type="ref"} Hypoxia induces MURC expression in cardiomyocytes during hypertrophy with ERK activation.[33](#jah34322-bib-0033){ref-type="ref"} ERK is an apoptosis‐related molecule in I/R injury. Its activity has been implicated in neurodegenerative diseases and brain injury following I/R in rodents.[57](#jah34322-bib-0057){ref-type="ref"}, [58](#jah34322-bib-0058){ref-type="ref"} Recently, Yu et al reported that the MAPK/ERK‐CREB pathway promotes I/R‐induced cardiomyocyte apoptosis by inhibiting FUNDC1 (FUN14 domain containing 1)--related mitophagy.[59](#jah34322-bib-0059){ref-type="ref"} Accordingly, we tried to identify the relationship between MURC and ERK activities in I/R‐induced cardiomyocyte apoptosis. MURC, however, showed no association with ERK phosphorylation 24 hours after I/R.

MURC interacts with caveolin‐3 at the plasma membrane.[29](#jah34322-bib-0029){ref-type="ref"}, [60](#jah34322-bib-0060){ref-type="ref"} Cardiac‐specific caveolin‐3 overexpression increases the formation of caveolae and induces cardiac protection against I/R injury.[61](#jah34322-bib-0061){ref-type="ref"} In contrast, caveolin‐3 knockout mice show no isoflurane‐induced cardiac protection against I/R injury.[62](#jah34322-bib-0062){ref-type="ref"} In the present study, there was no significant change in caveolin‐1 and other caveolae‐related protein levels except for MURC/Cavin‐4 between WT and MURC KO mouse hearts (Figure [S11A--S11F](#jah34322-sup-0001){ref-type="supplementary-material"}). Mouse left anterior descending coronary arteries were ligated for 60 minutes during ischemia according to the previous report.[63](#jah34322-bib-0063){ref-type="ref"} The long period of ischemia might have affected the cardioprotective effect of isoflurane in MURC KO mouse hearts. We previously reported that there was no reduction or deformation of caveolae in MURC/Cavin‐4 KO mouse hearts.[31](#jah34322-bib-0031){ref-type="ref"} Therefore, the cardioprotective effect of MURC/Cavin‐4 deletion is not derived from the caveolae formation.

In our study, we mimic a cardiac I/R model by hydrogen peroxide exposure or a hypoxia/reoxygenation model in vitro. The in vitro assay reflects only ROS or hypoxia, not the changes in glucose availability and pH. The discrepancy between in vivo conditions and the in vitro model should be considered a study limitation.

In conclusion, our study applied systems network genomic analysis based on PC‐corr network inference integrated with a PPIN prediction to identify a previously undescribed function of MURC in the underlying pathogenetic mechanism of cardiac I/R injury (Figure [7](#jah34322-fig-0007){ref-type="fig"}). MURC deletion reduced infarct size and preserved heart contraction through the inhibition of ROS‐induced cell death and the promotion of STAT3‐mediated antiapoptotic signaling in cardiac I/R injury. Functional inhibition of MURC may be effective for reducing cardiac I/R injury.

![Schematic illustration of the cardioprotective effect of MURC (muscle‐restricted coiled‐coil protein) deficiency in myocardial ischemia/reperfusion (I/R) injury. Intracellular signaling network including reactive oxygen species (ROS) reduction and activated antiapoptotic signaling with STAT3 (signal transducer and activator of transcription 3) phosphorylation leads to the cardioprotective effect in cardiomyocytes of MURC deficiency after I/R. Intracellular signaling modified by MURC deletion is highlighted (red). BCL2 indicates B‐cell lymphoma 2; EGR1, early growth response protein 1; DDIT4, DNA‐damage‐inducible transcript 4.](JAH3-8-e012047-g007){#jah34322-fig-0007}
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**Figure S1.** Microarray analysis of the hearts of wild‐type and MURC (muscle‐restricted coiled‐coil protein) knockout mice.

**Figure S2.** Heart rate of wild‐type and MURC (muscle‐restricted coiled‐coil protein) knockout mouse hearts during echocardiography after sham operation or 24 hours after ischemia/reperfusion; n=10 per group.

**Figure S3.** Effect of cardiospecific MURC (muscle‐restricted coiled‐coil protein) overexpression in ischemia/reperfusion injury.

**Figure S4.** Gene silencing of MURC (muscle‐restricted coiled‐coil protein) through small interfering RNA in neonatal rat cardiomyocytes.

**Figure S5.** MURC (muscle‐restricted coiled‐coil protein) knockdown ameliorates reactive oxygen species production in cardiomyocytes after hypoxia/reoxygenation.

**Figure S6.** mRNA expression of Nox (NADPH oxidase) family genes in wild‐type and MURC (muscle‐restricted coiled‐coil protein) knockout mouse hearts 24 hours after ischemia/reperfusion.

**Figure S7. A** through **C**, Representative Western blots (top) and quantification (bottom) of the activation of apoptosis‐related proteins in wild‐type and MURC (muscle‐restricted coiled‐coil protein) knockout mouse hearts 24 hours after ischemia/reperfusion.

**Figure S8. A**, Cardiomyocytes isolated from adult mouse heart after incubation for 24 hours. Rod‐shaped cells are alive cardiomyocytes. **B** and **C**, Representative TUNEL (TdT‐mediated dUTP nick‐end labeling) staining (**B**) and quantification (**C**) of wild‐type and MURC (muscle‐restricted coiled‐coil protein) knockout adult mouse cardiomyocytes after H~2~O~2~ exposure.

**Figure S9.** STAT3 inhibitor cancels the cardioprotective effect of MURC (muscle‐restricted coiled‐coil protein) deficiency.

**Figure S10.** Immunoprecipitation of MURC (muscle‐restricted coiled‐coil protein) and STAT3 (signal transducer and activator of transcription 3) in neonatal rat cardiomyocytes transduced with β‐galactosidase (LacZ) or FLAG‐tagged human MURC.

**Figure S11. A** through **F**, Representative Western blots (top) and quantification (bottom) of the caveola‐related proteins in wild‐type and MURC (muscle‐restricted coiled‐coil protein) knockout mouse hearts.
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